We utilized the closed cranial window tech nique in the anesthetized rat to determine changes in CSF concentrations of adenosine, inosine, and hypoxanthine and pial arteriolar diameter during transient (20 min) fore brain ischemia and reperfusion. After mock CSF under the cranial window was allowed to equilibrate with cere bral interstitial fluid, endogenous adenosine concentra tion was found to be 0.16 ± 0.05 /-LM, while inosine and hypoxanthine were 0.35 ± 0.17 and 1.23 ± 0.47 /-LM, re spectively. The concentration of adenosine in CSF in creased 4.2-fold during ischemia and 13.8-fold during the first 5 min of reperfusion. Inosine and hypoxanthine con centrations were also significantly increased during isch emia and reperfusion. After I h of reperfusion, CSF aden-Cerebral ischemia and reperfusion, in several an imal models, continues to be an intensely investi gated topic. However, the mechanisms affecting reperfusion of the brain after ischemia are unclear. After ischemia, reperfusion is variable and results in widespread neuronal injury (Pulsinelli et aI., 1982a,b). Multiple factors have been implicated in the reperfusion injury, including variation in perfu sion, systemic hyperglycemia, liberation of excit atory toxins, generation of free radicals, and neu trophil plugging of capillaries.
osine and inosine levels had decreased from peak values but remained significantly above preischemic values. In contrast, hypoxanthine remained at peak concentrations even after 60 min of reperfusion. Preischemic arteriolar diameter was 42.6 ± 11.3 /-Lm and was not significantly changed after 20 min of ischemia. However, during the first 5 min of reperfusion, arteriolar diameter increased significantly (p < 0.05), coincident with peak adenosine concentrations. By 60 min of reperfusion, ar teriolar diameter had returned to baseline. These results indicate that during the postischemic period, adenine nu cleosides and hypoxanthine in CSF are elevated and could affect reperfusion. Key Words: Adenosine Cerebral ischemia-Cranial window-Pial arterioles.
ations in brain function. More recently, changes in adenosine concentration during pathophysiologic states, such as prolonged ischemia and reperfusion, have also been studied (Van Wylen et aI., 1986; Hagberg et aI., 1987; Phillis et aI., 1987) . In addition to its vasodilative actions, adenosine has recently been shown to inhibit the release of excitotoxic compounds (Coradetti et aI., 1984) , neutrophil gen eration of superoxide anions (Cronstein et aI., 1986) , and leukocyte-endothelial cell interactions (Cronstein et aI., 1986) . Moreover, adenosine sup presses neuronal activity (Phillis et aI., 1975) . It thus may function as an endogenous neuroprotector during prolonged ischemia and reperfusion. Re cently, we have noted that in hyperglycemic but not normoglycemic ischemia, brain adenosine concen trations are attenuated (Hsu et aI., 1990) .
Studies of the changes in adenosine during isch emia and reperfusion have utilized a variety of methods including microdialysis (Van Wylen et aI., 1986; Hagberg et aI., 1987) and cortical cup tech niques (Phillis et aI., 1987) . Like all experimental methodologies, these techniques have limitations. For example, the dialysis probe transgresses the brain parenchyma with potential injury to the tis sue. The cortical cup technique is an open window preparation in which CSF gas tensions and intracra nial pressure (lCP) are not controlled. Both tech niques, however, are important for studying brain biochemistry.
In the present study, we utilized an alternative strategy, the closed cranial window (Morii et al., 1986) , to measure changes in CSF adenosine and its metabolites during ischemia and reperfusion. Un like other methods, this technique allows simulta neous measurement of pial arteriolar diameter.
METHODS

Animal preparation
Fed adult male Sprague-Dawley rats weighing 350-400 g were anesthetized initially with 1.5-2.0% halothane. The right femoral artery and vein were cannulated for monitoring MABP and administering drugs intrave nously, respectively. The rats were tracheostomized, im mobilized with tubocurarine (1 mg / kg i.v.), and mechani cally ventilated. Halothane was then lowered (0.5-1.0%) so that blood pressure and heart rate were stable and within physiologic range. The mixture of the inspired air and O2 was adjusted to maintain the tension of arterial blood gases within normal range. Small (0.2-ml) amounts of arterial blood were periodically sampled anaerobically for the measurement of pH, Pac02, and Pa02. Rectal tem perature was monitored and maintained at 37°C by an electrical heating mat.
A cranial window was mounted over the right parietal cortex using the methods of Morii et al. (1986) . The ex posed cortical surface was enclosed with a coverglass mounted on dental acrylic and polyethylene tubes embed ded in the acrylic allowed perfusion and drainage of arti ficial CSF as well as continuous monitoring of ICP. The artificial CSF had the following composition: Na + 156.5 mEq / L, K + 2.95 mEq / L, Ca 2 + 2.50 mEq / L, Mg 2 + 1.33 mEq / L, HC03 -24.6 mEq / L, dextrose 66.5 mg / dl, and urea 40.2 mg / dl. Before superfusion, mock CSF was bub bled with 6% CO2 / 1O% O2 / 84% N2 in a water bath at 37°C. The osmolarity of the CSF was 298 mOsmollL and pH, Pac02, and Pa02 were 7.34-7.35, 39-43 mm Hg, and 75-85 mm Hg, respectively. An ICP of 3-5 mm Hg was main tained by adjusting the fluid level of the outflow tube, preventing brain herniation.
After an equilibration period of 20 min, CSF under the window was collected in the following manner: Exoge nous CSF was superfused for 30 s at a rate of 0.25 mllmin. The displaced equilibrated CSF was collected from the outflow tube into polyethylene microcentrifuge tubes and placed immediately into a boiling water bath for 5 min to stop any enzymatic activity. The choice of time period and flow rates was based on preliminary biophysical anal ysis of the sub window CSF compartment as outlined be low.
Analysis of subwindow compartment
Before measuring CSF concentrations of adenosine, inosine, and hypoxanthine, we first defined the biophys-ics of the subwindow CSF compartment. Active with drawal of CSF from the subwindow compartment re sulted in alteration of the physiologic response of pial vessels. Consequently, we infused exogenous CSF into the window to cause displacement of endogenous CSF. However, this displacement inevitably results in the di lution of the endogenous CSF. Thus, our first set of ex periments, using [ 14 C]sucrose, were aimed at determining the extent of this dilution. Sucrose was chosen because its molecular weight is comparable with that of adenosine and it is not metabolized in CSF (Rapoport et aI., 1980) . Ten microliters of [ 14 C]sucrose (specific activity 10 mCii mmol) was dissolved in 10 ml of mock CSF. The radio activity (counts / min) of the CSF was determined using a scintillation counter (Beckman LS 1801). Exogenous ra dioactive CSF was then superfused into the space under the window at a rate of 0.25 ml / min until the radioactivity at the inflow tube equaled that of the outflow. A variety of infusion rates were studied, but this rate was chosen be cause it was the highest rate that did not alter ICP. After saturation of the space under the window with radioactive CSF, nonradioactive mock CSF was superfused into this space and CSF flowing out of the window was collected at 30-s intervals for 2 min. The radioactivity of all col lected samples was determined and compared with the sample representing saturation. We measured CSF radio activity before ischemia, after 20 min of ischemia, and after 5, 30, and 60 min of reperfusion.
In a separate set of experiments, we determined the time required for mock or exogenous CSF under the win dow to attain steady purine levels (i.e., the time required for mock CSF to equilibrate with interstitial fluid). This was done by allowing the perfused mock CSF to equili brate under the window for various time periods. We col lected, by displacement, normoxic CSF samples after equilibration periods of 2, 5, 10, 20, 30, and 40 min.
In a separate group of animals, we added 10-6 M di pyridamole (DPM) and 10-5 M erythro-9-(2-hydroxy-3nonyl)adenine hydrochloride (EHNA) to our mock CSF and measured adenosine, inosine, and hypoxanthine con centration in the subwindow CSF. DPM is an adenosine transport inhibitor, whereas EHNA is an adenosine de aminase inhibitor. Both substances counteract enzymatic degradation of adenosine caused by blood contamination of the CSF during surgical implantation of the window.
Ischemia
Ischemia was achieved by the two-vessel occlusion model described by Nordstrom and Siesjo (1978) . Briefly, when ischemia was desired, both common carotid arter ies were occluded and blood pressure lowered to 40 mm Hg by removing blood through the right femoral artery. Ischemia was maintained for 20 min. Reperfusion was accomplished by releasing the clamps at the carotid ar teries and reinfusing shed blood until blood pressure reached a level between 100 and 120 mm Hg. CSF sam ples were collected before ischemia, after 20 min of isch emia, and after 5, 30, and 60 min of reperfusion.
In all animals, we initially perfused mock CSF under the window for 5 min. The CSF was then allowed to equilibrate for 20 min. Preliminary studies indicated that 20 min was required for purine levels to achieve a steady state. Endogenous CSF was displaced and collected for 30 s. We then perfused the subwindow space for 5 min and again allowed a 20-min equilibration period prior to the onset of ischemia. After 20 min of ischemia, CSF was collected in an identical manner as during control. CSF was also collected after 5, 30, and 60 min of recirculation.
In a separate group of animals, we did not sample CSF during ischemia but only obtained CSF after 5 min of reperfusion. This group was studied to determine the ef fect (if any) of CSF sampling after 20 min of ischemia on subsequent samples obtained after 5 min of reperfusion.
Measurement of pial vessel diameter
Pial vessels were observed through the cranial window using a video microscope system. The technique for mea suring pial arteriolar diameter has previously been de scribed (Morii et al., 1986) . Briefly, the microscopy in cluded a vertical illuminator and bright-dark field objec tives that detected reflected light from the brain surface. Pial vessels on the surface of the brain were visualized on a video monitor through the use of a video camera (Newvicon; Dage-MTI) and an on-line dimension ana lyzer was used to determine vessel diameter. The final magnification was 390x and I-f.lm change in pial arterio lar diameter could be detected.
Analytical procedures
All nonradioactive samples collected were analyzed for adenosine, inosine, and hypoxanthine using reverse phase HPLC as previously described (Hartwick et al., 1979) . A Microsorb (CIS' 5 f.lm) column with a 0-25% methanol in 20 mM KH2P0 4 (pH 5. 6) linear gradient over 30 min was used to separate the compounds of interest. The retention times and peak heights of known standards were used to identify and calculate the concentrations of adenosine, inosine, and hypoxanthine in each sample.
Statistical analysis
Mean values, standard deviations, and standard errors of the mean were calculated for all data. All reported values are expressed as means ± SD. A paired t test was used to make statistical comparisons between the mean values of different conditions within the same animals. When multiple simultaneous comparisons were made, we utilized the Bonferroni correction (Neter and Wasser man, 1974) .
RESULTS
Dilution and equilibration of purine nucleosides in subwindow compartment
After 2 min of perfusion of the subwindow space with e 4 C]sucrose at 0.25 mllmin, the radioactivity of the outflowing CSF plateaued and equaled the infusion radioactivity. Figure 1 illustrates the dilu tion of the subwindow space by the infusion of non radioactive mock CSF resembling our sampling technique during preischemia, ischemia, and reper fusion. After 30 s of perfusion with mock CSF, ra dioactivity was decreased to 37% or a dilution of 2.7 -fold. Similar dilution was noted after 20 min of ischemia (2.4 ± 0.2) as well as after 5 (2.3 ± 0.2) and 30 (2.4 ± 0.2) min of reperfusion. Therefore, the concentrations of adenosine, inosine, and hypoxan thine, determined by HPLC, were multiplied by 2.7 to determine their endogenous concentrations. The results from the equilibration study are shown in Fig. 2 . Endogenous CSF adenosine, ino sine, and hypoxanthine concentrations plateaued at 20 min. At 2, 5, and 10 min, the concentrations of these compounds were significantly lower (p < 0.05) than those of 20-min level, indicating that a period of 20 min was necessary to allow equilibra tion of mock CSF with endogenous cranial CSF be fore ischemia.
In a separate group of nonischemic animals (n = 9), we added DPM and EHNA to the subwindow CSF and found no alteration in adenosine (0.18 ± 0.09 versus 0.20 ± 0.09 f.LM) or hypoxanthine (0.62 ± 0.03 versus 0.61 ± 0.18 f.LM) levels as compared with mock CSF alone. There was, however, a small (p < 0.05) depression of inosine concentration (0.35 ± 0.21 versus 0.15 ± 0.09 f.LM). These studies sug gest that there was little adenosine deaminase ac tivity or erythrocyte contamination in the subwin dow space.
Ischemia
During ischemia (20 min), CSF adenosine, ino sine, and hypoxanthine concentrations increased 4.2-, 3.0-, and 3.5-fold, respectively (Table 1) from preischemic values of 0.16 ± 0.05, 0.35 ± 0.17, and 1.23 ± 0.47 f.Lmol/L. During ischemia, MABP was lowered to an average of 38 ± 10 mm Hg (control 114 ± 10 mm Hg), ICP fell to 1.8 ± 0.7 mm Hg (control 4.9 ± 1.0 mm Hg), and Paco2 decreased to 27.1 ± 4.4 from 35.2 ± 1.2 mm Hg, but Pao2 re mained stable.
Five minutes after removal of the carotid artery clamps and reinfusion of shed blood (MABP 105 ± 15 mm Hg), adenosine levels rose 13.4-fold (2.14 ± 1.42 f.LM) as compared with preischemic values. During the same time period, inosine and hypoxan thine concentrations increased 15.7-and 22. I-fold, respectively. In a separate group of animals in which CSF was not sampled after 20 min of isch emia, adenosine, in CSF samples obtained after 5 min of reperfusion, increased to a similar extent (2.24 ± 0.54 IJ-M) as in animals whose CSF was sampled after 20 min of ischemia and after 5 min of reperfusion (Table 2) . Thus, in contrast to the pre ischemic period where 20 min was required to achieve steady state, during reperfusion, 5 min ap pears to be sufficient for equilibrium.
After 30 min of reperfusion, adenosine concen tration decreased to 0.61 ± 0.16 IJ-mollL, equal to the value representing 20 min of ischemia. By 60 min of reperfusion, adenosine values continued to fall but remained twice as high as preis chemic con centrations. In contrast to adenosine, which peaked after 5 min of reperfusion, inosine and hypoxan thine values peaked at 30 min of reperfusion. More over, adenosine and inosine concentrations were well below peak values b¥ 60 min of reperfusion, while hypoxanthine levels remained substantially elevated. Values are means ± SD (n = 5). " p < 0.05, bp < 0.005 versus preischemia.
Pial circulation studies
Reperfusion 5 min 2.24 ± 0.54" 4.16 ± 2.10" 9.44 ± 2.41b
The pial vessels studied prior to the onset of isch emia had an average diameter of 42.6 ± 11.3 fLm (Table 1 ) and during ischemia the diameter of these vessels decreased by 12%. In the first 5 min of reperfusion, pial arteriolar diameter increased sig nificantly to 51.0 ± 13.6 fLm (p < 0.05), 120% of control diameter. By 60 min of reperfusion, vessel diameter decreased to 33.4 ± 9.4 fLm.
DISCUSSION
In the present study, we documented the changes in CSF adenosine and its breakdown products, inosine and hypoxanthine, as well as changes in pial arteriolar diameter during 20 min of ischemia and 60 min of reperfusion. During ischemia, all metabolites were elevated. During reperfusion, adenosine con centrations in CSF peaked at 5 min, whereas the highest elevation of inosine and hypoxanthine oc curred after 30 min of reperfusion. After 60 min of reperfusion, hypoxanthine levels remained at peak values. We observed the greatest change in pial ar teriolar diameter in the first 5 min of reperfusion, during which the vessels were significantly dilated.
Adenosine has been proposed as a physiologic mediator of metabolic regulation of blood flow in multiple tissue beds. In brain, it is a potent cerebral vasodilator and its concentrations in tissue, inter stitial fluid, and CSF increase during conditions in which cerebral oxygen supply is decreased (Winn et aI., 1981; Van Wylen et aI., 1986; Phillis et aI., 1987) . However, most previous studies have con centrated on its physiologic role and effect, whereas the present work focuses on the changes in brain adenosine levels during nonphysiologic prolonged ischemia and reperfusion.
In addition to its role as a vasodilator, adenosine has been shown to decrease neutrophil-leukocyte interaction and inhibit neutrophil release of super oxide anion (Cronstein et aI., 1986) . Capillary plug ging of the microcirculation has been suggested as an important factor contributing to the no-reflow phenomenon (Schmid-Schonbein, 1987) . More over, recent reports suggest that superoxide anions contribute to postischemic tissue injury (Granger et aI., 1986; McCord, 1987) . Free radical generation has also been implicated as a pathophysiologic mechanism influencing reperfusion in organs such as the heart and gut (Engler, 1987; Hernandez et ai. , 1987) . A major source of free radical production is the degradation of hypoxanthine to xanthine by xanthine oxidase. In brain, high concentrations of this enzyme have been found in the vascular endo thelium (Betz, 1985) , where free radical-induced cell damage would have a major impact on brain circulation. In addition, increased extracellular ex citatory toxins during ischemia and reperfusion may contribute to ischemic brain injury (Rothman, 1984) . Adenosine recently has been found to inhibit release of excitotoxic compounds by means of its AI-receptor in neurons (Coradetti et aI., 1984) . Thus, adenosine and its metabolites, which are pro duced during brain ischemia, could play a role in ischemia-reperfusion injury either directly by af fecting vasodilation or indirectly by influencing the generation of free radical formation, altering neu trophil-related events, or inhibiting release of neu ron excitotoxins.
CSF adenosine concentration during normotension
Prior to measuring CSF adenosine values, we an alyzed the biophysical characteristics of the CSF space under the cranial window. The cranial win dow technique provides a useful means for studying the physiology of the cerebral circulation by allow ing the direct observation of pial vessels through a video microscope system. Moreover, as the present study indicates, analysis of the subwindow CSF overlying cortex is possible. Unlike the microdial ysis method, brain tissue is neither pierced nor al tered. Moreover, unlike the cortical cup technique, the closed window pr�paration maintains physio logic ranges of ICP and prevents the loss of CO2 from the CSF and brain surface. However, as with other sampling techniques, limitations exist and must be recognized. Withdrawal of CSF resulted in alteration in the physiologic response of pial ves sels, and consequently we utilized displacement of endogenous CSF by exogenous CSF with a recog nized 50-60% dilution.
In the nonischemic state, equilibration between endogenous adenosine, inosine, and hypoxanthine with mock CSF was complete by 20 min. This equil ibration period is similar to that reported by Phillis et ai. (1987) , who used the cerebral cortical cup technique to sample CSF. In contrast, the microdi alysis technique requires a recovery period of at least 1-2 h after implantation of the dialysis cannula for interstitial adenosine levels to stabilize.
We found the corrected resting, subwindow CSF adenosine concentration to be 0.16 ± 0.05 fLM, while inosine and hypoxanthine were 0.35 ± 0.17 and 1.23 ± 0.47 fLM, respectively. This concentra tion of adenosine in CSF is at the lower end of the vasoactive range for rat pial arterioles (Morii et aI., 1986) and comparable with those reported by Berne et ai. (1974) and Bockman et ai. (1981) in the dog (0.22 -0.30 fLM) and by Eells and Spector (1983) in the rabbit (0.10 fLM). However, our values are higher than those reported by Park et ai. (1987) who sampled cisternal CSF in the piglet (0.04 fLM). Ger rits et al. (1988) found that there was an age dependent relationship between CSF purine con centrations and that age may account for the low concentration in the Park et ai. study (1987) .
In contrast, our CSF concentrations were lower than those found in the dialysate studies (Van Wylen et aI., 1986; Hagberg et aI., 1987) of intersti tial fluid (1-2 fLM) but higher than the concentra tions obtained in studies (Phillis et aI., 1987; Po lasek et aI., 1989) utilizing the cortical cup tech nique (0.03 fLM). The higher concentration (10-6 M) found in the studies using dialysis probe may reflect tissue injury associated with its placement. In con trast, the lower concentrations (10-8 M) found with the cortical cup method may be related to enzymat ic degradation of adenosine and its breakdown products (inosine, hypoxanthine, xanthine, and uric acid) . This catabolism could occur in CSF with in troduction of blood (which contains degradative en zymes) into the CSF during experimental prepara tion. In a similar fashion, surgical placement of the cranial window could result in the contamination of subwindow CSF with resultant lowering of CSF adenosine concentration. However, there was no alteration of CSF concentration of adenosine when we added DPM + EHNA to our collection fluid, demonstrating the lack of catabolism of adenosine in the subwindow CSF.
Changes in CSF concentrations of adenosine and its metabolites during ischemia and reperfusion
In the present study, subwindow CSF concentra tions of adenosine (4-fold), inosine (3-fold), and hy poxanthine (3.5-fold) all rose significantly during ischemia. The peak in adenosine concentrations (13-fold) occurred at 5 min of reperfusion. In con trast, peak concentrations of inosine and hypoxan thine occurred at 30 min of reperfusion. This pat tern of change in adenine nucleoside and base con centrations during ischemia and reperfusion is very similar to that observed by Sciotti et ai. (1990) , Hagberg et ai. (1987) , and Park et ai. (1988) , all of whom utilized the dialysate technique. The delayed increase in inosine and hypoxanthine levels can be attributed to the access of these metabolites to their respective degradative enzymes, as well as the rel ative concentrations of these enzymes in the brain. Purine nucleoside phosphorylase and xanthine oxi dase, which degrade inosine and hypoxanthine, re spectively, are located solely within the vascular endothelium (Rubio et aI., 1978; Betz, 1985) . In contrast, adenosine deaminase has been shown to exist in other cell types of the brain, including neu rons (Geiger and Nagy, 1986) .
The absolute concentrations reached during isch emia and reperfusion are higher in interstitial fluid obtained with the dialysate technique as compared to the window method. Interestingly, the relative increases in adenosine in the interstitial fluid are greater (13-40-fold increases during ischemia and 28-fold increase with 5 min of reperfusion) as com pared to CSF (only 4-fold during ischemia and 13fold with 5 min of reperfusion). In contrast, the rel ative increases in inosine and hypoxanthine are sim ilar with either the dialysate or the window method. These differences in both absolute and patterns of change may be attributable to physiologic and ana tomic differences in the site of tissue sampling (i.e., interstitial versus CSF) or alteration in normal physiology and anatomy caused by the insertion of the dialysate probe or window.
The biochemical source(s) of adenosine in CSF and interstitial fluid in brain is unclear. Adenosine most likely originates from intracellular AMP, but could also arise from S-adenosylhomocysteine. Al ternatively, extracellular ATP, released as a cotransmitter, could be hydrolyzed to adenosine. The cell source(s) is also ill defined. Adenosine can arise from neurons and glial and cerebrovascular endothelial cells, but the relative contribution of these different cell types during ischemia is unclear.
Pial vessel studies
By 20 min of ischemia, arteriolar diameter de creased, probably reflecting a combination of fac tors, including alteration in brain function and pro found decrease in cerebral perfusion pressure. M ter 5 min of reperfusion, arteriolar diameter increased significantly. Thereafter, the diameter de creased. This pattern of response of cerebral circu lation following ischemia has been well documented (Miller et aI., 1980; Pulsinelli et aI., 1982b; Kag strom et aI., 1983) and our observations are in agreement with these findings. Thus, peak flow in CBF, as documented by previous studies (Miller et aI., 1980; Pulsinelli et aI., 1982b; Kagstrom et aI., 1983) , and maximal dilatation of pial arteriolar di ameter at 5 min of reperfusion (present study) co-incide with peak increases in adenosine concentra tions in CSF (present study). We would hypothe size that the increase in adenosine concentration at 5 min of reperfusion accounts for the changes in CBF.
CONCLUSION
Despite unknown factors concerning adenosine's biochemical and cellular source and regulation of its production, the present study indicates that adeno sine and its metabolites are increased in CSF during ischemia and reperfusion. The increases in CSF adenosine level during reperfusion parallel and may account for the changes in pial vessel diameter and in CBF. Moreover, changes in adenosine concen tration during ischemia might influence capillary plugging by altering neutrophil-endothelial cell in teraction since neutrophils possess A2-receptors that diminish leukocyte adherence (Cronstein et aI., 1986) . In addition, adenosine has been shown to presynaptically decrease neuronal activity and in hibit the release of excitotoxins (Phillis et aI., 1975; Coradetti et aI., 1984) . Rudolphi et ai. (1987) and Wieloch et al. (1986) have noted worsening of isch emic injury in brain with the adenosine antagonist theophylline. Thus, the present study, documenting the change in CSF adenosine concentration and pial arteriolar diameter during ischemia and reperfu sion, supports a role for adenosine in the patho physiology of brain reperfusion injury.
